To illustrate the involvement of tubulobulbar complexes (TBC) in ubiquitin-proteasome degradation of unnecessary proteins in the head cytoplasm of late spermatids, the localization of polyubiquitin and proteasome was studied by immunofluorescence and immunoelectron microscopy. Polyubiquitin localized to TBC and proteasome subunit α to dense materials surrounding the TBC in the cytoplasm of Sertoli cell enwrapping sickle-shaped spermatid heads. The results suggest that the TBC is a structural device for ubiquin-proteasome degradation of unnecessary proteins in the cytoplasm of spermatid head during rapid reduction of the head cytoplasm and nuclear compaction of late spermatids.
Introduction
Spermatogenic process is divided largely into three phases: 1) the proliferative phase in which spermatogonia undergo rapid successive division, 2) the meiotic phase in which recombination and segregation of chromosomes occur, 3) the differentiation phase in which spermatids transform drastically into spermatozoa which are motile cells carrying haploid genome to the egg [1, 2] . The third phase is called spermiogenesis, which is divided into 19 steps in rat [3] , and involves the formation of acrosome and flagellum [4] [5] [6] , the condensation of nucleoplasm [7, 8] and the elimination cytoplasm [9, 10] . Finally, spermatids transform to sperm which are released into the lumen of seminiferous tubule. This process, spermiation, is composed of a series of complicated phenomena in which Sertoli cells deeply involve [11] [12] [13] . Russell and Clermont [14] observed precisely the isolation process of sperm head from Sertoli cell and found that a dozen tubular processes project out from the ventral concavity of the head to indent the Sertoli cell. The tubular processes extend in the cytoplasm of Sertoli cell and their apex distends to form globule (bulbus) which assembles each other. They called the structure "tubulobulbar complexes" and supposed that the structures function as a scaffold to anchor the spermatid head to the Sertoli cell [14] . It was shown that the time course of the rapid cytoplasmic reduction in late spermatid head matched with that of the formation of tubulobulbar complexes (TBC) [15] . Moreover, the activity of acid phosphatase, a lysosomal marker enzyme, was detected in the TBC and in the cytoplasm of Sertoli cell surrounding the bulbi, suggesting that the lysosomal degradation system is involved in the elimination of cytoplasm from the head region of late spermatid [16] .
The intracellular degradation system is largely divided into two categories; lysosome system [17, 18] and ubiquitin-proteasome system [19, 20] . In the former system, the target to be degraded is segregated by membrane to form autophagosomes which fuse later with lysosomes and the target is degraded by lysosomal enzymes [18] . In the latter system, ubiquitin molecules are covalently coupled (ubiquitinated) with the target protein which is then recognized by proteasome and degraded [19, 20] . Although the relationship between the TBC and the lysosomal system is suggested [16] , given the rapid and massive degradation of proteins in late spermatid head, it is also expected that the ubiquitin-proteasome system is involved in this degradation. Here, we study whether ubiquitin and proteasome localize to the TBC using immunofluorescence (IF) and immunoelectron micros-copy (IEM) techniques. The results clearly show that these two signals are present in the TBC, suggesting the ubiquitin-proteasome system participates in the degradation of unnecessary proteins in the head cytoplasm of late spermatids.
Materials and Methods

Animals and Antibodies
Male Wistar rats (200 g BW) were used. Testes were taken out from the animals anesthetized with ether. All experiments were performed in accordance with the Guidance for Animal Experiments issued by the Nagasaki International University. Mouse monoclonal antibody (FK2) to multi-ubiquitin chain (M-Ub) was obtained from Nippon Biotest Laboratories Inc. (Tokyo, Japan). Rabbit antibody to α subunit of 20S proteasome (P-αS) was purchased from Merck Millipore (Darmstadt, Germany). Alexa 568 ® or Alexa 488 ® -conjugated goat anti-rabbit IgG or goat anti-mouse IgG were obtained from Molecular Probes (Eugene, OR, USA). DAPI was from Hoechst (Tokyo, Japan). Protein A/G/L-gold 15-nm probe were prepared as described previously [21] .
Routine Electron Microscopy
Testis tissue blocks from rats were fixed in the fixative consisting of 4% paraformaldehyde (w/v), 1% glutaraldehyde (v/v), 0.02% CaCl 2 (w/v) and 0.05 M Hepes-KOH (pH 7.4) overnight at 4˚C. After wash in PBS, testis tissue blocks were fixed 1% reduced osmium tetroxide (w/v) for 1 h, dehydrated and embedded in Epon. Thin sections were contrasted with lead citrate and examined with a Hitachi electron microscope.
Immunofluorescence (IF) Staining
Frozen sections (6 μm thick) of testes of rats were fixed in 4% paraformaldehyde (w/v) in 0.1 M Hepes-KOH buffer (pH 7.4) for 15 min. After permeation treatment with 0.1% Triton X-100 (v/v) + 0.2% Saponin (w/v), sections were incubated in 2% fish gelatin (w/v) for 30 min to block non-specific adsorption of IgG, followed by overnight incubation with mouse FK2 antibody against M-Ub (×2000) or rabbit anti-P-αS antibody (×500). After washing with PBS, reacted IgG was visualized by Alexa 568 ® or Alexa 488 ® -conjugated goat anti-mouse IgG or anti-rabbit IgG. For dual staining of M-Ub and P-αS, sections were incubated in the mixture of mouse FK2 antibody and rabbit anti-P-αS and each reacted IgG was visualized by Alexa 568 ® -conjugated goat anti-mouse IgG and Alexa 488 ® -conjugated goat anti-rabbit IgG. For immunofluorescence control, non-immune serum was used instead of the primary specific antibodies. Nuclei were stained by 3 μM DAPI for 60 min at RT. The preparations were examined with a Nikon Eclipse E600 fluorescence microscope (Nikon, Tokyo, Japan). The images were merged using Adobe Photoshop 7.0 to determine whether each antigen colocalizes to the same area. The stage of seminiferous cycle was determined from the localization of elongating and elongated spermatids with individual tubules as previously described [22] .
Immunoelectron Microscopy (IEM)
Testes of rats were cut into small blocks in the fixative consisting of 4% paraformaldehyde (w/v), 0.2% glutaraldehyde (v/v), 0.02% CaCl 2 (w/v) and 0.1 M Hepes-KOH (pH 7.4) and testis tissue blocks were kept in the fixative for 1h at 4˚C. After wash in PBS, fixed tissue blocks were dehydrated in ethanol and embedded in LR White at −20˚C, followed by resin polymerization under UV light at −20˚C. Thin sections were cut with a diamond knife equipped with a Reichert Ultracut R, mounted onto nickel grids, and stored in a desiccator. Sections were treated with 2% fish gelatin in PBS (v/v) and incubated with mouse FK2 antibody (×2000) or rabbit anti-M-Ub antibody (×500) overnight at 4˚C. Nonimmune mouse or rabbit sera were used instead of the primary specific antibodies for control. Reacted IgG was visualized by Protein A/G/L 15-nm-gold probe. Sections were contrasted with 2% uranyl acetate (w/v) and lead citrate, coated with carbon and examined with a Hitachi H7650 electron microscope (Tokyo, Japan) at an acceleration voltage of 80 kV. Stage of seminiferous tubules and step of spermatids were judged in accordance with the stages of seminiferous cycle and step of spermatids were determined as described by Russell et al. [22] .
Results
Routine Electron Microscopy of TBC
Tubulobulbar complexes (TBC) similar to those described previously [14, 15] were confirmed in rat testis used in this study. The sickle-shaped heads of very late spermatids were embedded in an apical process of the Sertoli cell cytoplasm which widely spread in the ventral side but not in the dorsal side of the spermatid head. From the ventral surface of the head, very narrow tubular processes of the spermatid plasma membrane invaginated into the Sertoli cell cytoplasm (Figure 1(A) ). The tubules extended to deeply into the cytoplasm and the apices of the tubules distended to form globules which coexisted with clear vesicles in the Sertoli cell (Figure 1(B) ). Frequently, small protrusions of spermatid plasma membrane into the Sertoli cell were observed on the surface of the heads (Figure 1(A) ). Many cross-sectioned tubules were noted in the section cut through plane running from the apex to base of spermatid head (Figure 1(B) ).
IF Staining for Multi-Ubiquitin Chain
Staining for multi-ubiquitin chain (M-Ub) was observed in the nuclei and cytoplasm of spermatogenic cells. We observed the staining during differentiation of spermatogenic cells. The nuclei and cytoplasm of spermatogonia were weakly and diffusely stained. Similar staining was noted in spermatocytes at stages I to III (Figure 2(A) ). Nuclear and cytoplasmic staining increased and was highest at stage VIII (Figures 2(B)-(D) ). Afterward, staining in the nuclei decreased rapidly whereas discrete granular staining increased. In spermatocytes at stage X, large spot in the nuclei was stained for M-Ub (Figure  2(E) ) and at stages XII-XIII the staining intensity of this spot increased (Figure 2(F) ). M-Ub-positive small granules were visible in the nuclei and cytoplasm of steps 1 -8 spermatids (Figures 2(A)-(D) ). In step 9 -14 spermatids, the nucleoplasm was weakly stained but strong staining was noted in the cytoplasm (Figures 2(E) and  (F) ). The intensity of this cytoplasmic staining was highest at steps 12 -14, afterward decreased and eventually disappeared. Instead, moderately-sized granules in the area surrounding spermatid heads were visible, and in step 19 spermatids, these granules were located in the area contact with the ventral side of the sickle-shaped heads (Figure 2(D) ). Next, we observed these granules in steps 18 and 19 spermatids at higher magnification. The granules were noticeable in step 18 spermatids and located near the tip of head (Figure 3(A) ) whereas in step 19 spermatids, the granules moved caudally and were located in the central region of the ventral concavity of the sickle-shaped spermatid head (Figure 3(B) ). No staining was observed in control sections. 
Dual IF Staining of M-Ub and Proteasome α-Subunit (P-αS)
Proteins coupled with M-Ub are recognized and degraded by proteasome. This means that both proteins might localize to the same place at the same time. Therefore, we observed the relationship between M-Ub positive spots and P-αS localization in the region of the ventral concavity of the sickle-shaped spermatid heads. P-αS staining was observed in residual bodies of step 19 spermatids and the cytoplasm of Sertoli cells (Figure  4(B) ). M-Ub spots were also stained for P-αS ( Figures  (A)-(C), arrowheads) . In control sections, no staining for both proteins was noted (Figure 4(D) ).
IEM Staining of M-Ub
Since IEM localization of M-Ub in spermatogenic cells during spermatogenesis was similar to the results reported previously [23] , in present study, we focused on the localization of M-Ub in the IF stained M-Ub spot at the ventral concavity of step 19 spermatid heads. Strong gold labeling showing M-Ub was associated with the lumen of tubules and dense material surrounding the tubules composing the TBC (Figures 5(A) and (B) , arrowheads). Weak M-Ub labeling was observed in the cytoplasm of Sertoli cells and the labeling in the area where clear vesicles and globules assembled together, was stronger than the other area. M-Ub was detected in subacrosomal space, perforatorium and the nucleoplasm of spermatids (Figures 5(A) and (B) ). In control sections, no gold labeling was observed.
IEM Localization of P-αS
Gold particles showing P-αS were observed in the cyto- plasm of Sertoli cells (Figure 6 ). If carefully observed, P-αS signals were associated with dense material around the tubules and cluster of globules composing the TBC (Figure 6 ). On the contrary, the lumen of clear vesicles were almost negative for P-αS (Figure 6, *) . In control sections, gold signals were noted.
Discussion
It was reported that approximately 25% of total cell body of spermatid is reduced when the spermatid is released to the lumen of seminiferous tubule during the final stage of spermiogenesis [24] . It is completed by pinch-off of the cytoplasm of spermatids as residual bodies which are incorporated and degraded by Sertoli cells [25, 26] . In the light of the nuclear area in step 19 spermatids, 70% of the nuclear volume is reduced as compared to that in the previous steps [16] . To accomplish such reduction, all degradation systems, including lysosomal degradation system and ubiquitin-proteasome system, are used. It is suggested that the cytoplasm casted off from spermatids is ingested by Sertoli cells and degraded in the lysosomal system [24] . Similarly, the lysosomal system of Sertoli cells is suggested to be also involved in the extensive elimination of the nuclear area through the TBC [16] . This idea is due to that the activity of acid phosphatase and a lysosomal marker enzyme is detected in the TBC [16] .
In the present study, we have shown first time that multi-ubiquitin chain (M-Ub) (multi-ubiquitinated proteins) signals are associated with the TBC. The result indicates that multi-ubiquitinated proteins are present in the TBC. The multi-ubiquitinated proteins are recognized by ubiquitin receptor and trapped into proteasome to be degraded [19] [20] 27] . Therefore, the multi-ubiquitinated proteins in the TBC, when proteins are not clear, seem to be degraded by proteasome. In the present study we have shown that proteasome is detected in the cytoplasm of Sertoli cells and associated with dense material surrounding the TBC. The result suggests that multi-ubiquitinated proteins detected are degraded by proteasome. Since the M-Ub signals are present in the nucleoplasm as described previously [23] , the multi-ubiquitinated proteins in the TBC seem to be derived also from the nucleus of step 19 spermatids. M-Ub signals are associated with not only dense material surrounding the tubules but also the lumen of them. If multi-ubiquitinated proteins are derived from the spermatid nucleus as well as cytoplasm, they should be transported across two plasma membranes of spermatids and Sertoli cell. Although the transport mechanism is quite unclear, the present results suggest that proteins which become unnecessary with rapid and extensive reduction of the cytoplasm as well as compaction of the nucleus are degraded not only by lysosomal system but also by ubiquitin-proteasome system.
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